Abstract Porous composites with the principal class of porosity in the range of those presented in the literature as ideal for the moisture control capacity of building environment are described. In the course of the design of the matrices, micrometric pores are introduced to give to the pore systems a bi-or multimodal characters with the aim of improving the phases percolation during the course of desorption and make the moisture accumulation-desorption behavior of the porous composites essentially function of weather and environment. The porous composites present size of pores in the range 0.001−1 µm for the gel pores and peak centered at 10 µm for the micrometric pores which insure the matrices efficiency in moisture control capacity and durability. The results of cycles of moisture absorption-desorption in the course of various seasons of the year permit to identify the activities of gel pores meanly efficient in the extreme environment: absorption when the temperature is under 11 • C; relative humidity is > 60% and desorption when the temperature is above 18 • C. At ambient conditions, the pores more active are micrometric pores, while gel pores enter in activity only in the extreme environment conditions. The proposed porous geopolymer composites appeared promising candidates for the management of the moisture while improving the thermal insulation of residential building particularly in the regions with important fluctuation of weather. The use of geopolymerization process for the production of those porous composites, the choice of recycling industrial and municipal inorganic wastes appears ideal solution, 
Introduction
Materials for moisture control capacity (MCC) in building environment will absorb easily the humidity and water vapor and then release the moisture with a very slow rate when the temperature or the atmospheric pressure changes. It is accepted that those materials should have very fine pores together with a lightweight structure and low thermal conductivity. Woods and cellular concretes have been described to be ideal materials for the moisture control in buildings (Carsten et al. 2006) . The above-mentioned showed the best moisture buffering due to rapid diffusion and the great moisture capacity. Vesuvianite, sepiolite and zeolites are also generally cited between those materials for moisture control capacity. The hygroscopic behavior and their particular network structure made them suitable for moisture exchange in indoor environment (Carsten et al. 2006; Nazanin et al. 2008; Kumar and Singh 2013) .
In the twenty-first century, the choice of the ideal building materials with moisture buffering capacity should take into account the environmental issues, foot print, including the emissions, the energy saving policy and the global warming potential (GWP). Locally sourced materials, abundantly available with, sustainable exploitation, sound appropriate as well as suitable solid wastes. Geopolymerization appears nowadays as one of the most viable, effi-cient, low-cost and sustainable processes for the production of eco-friendly materials for MCC. Besides, geopolymerization with raw precursors oriented to recycled industrial, agricultural and municipal solid wastes presents the less GWP. Following the work of Kotama et al. (2002) , the moisture control capacity of a material is controlled by the pore network of it matrix. They distinguished the action of gel pores and that of the capillary pores. The ideal construction material should have pores with size < 0.1 µm (gel pores), responsible for the absorption of moisture and capillary pores (0.1 µm < ϕ ≤ 10 µm) that control the desorption (Kotama et al. 2002) . The domination of one or another category of pores determines the capacity to accumulate or promptly release the moisture absorbed. The cold synthesis and the corrosion of metal powders into alkaline solution with consequence release of air bubbles are among many solutions to introduce pores into the geopolymer matrix, allowing the production of final matrix with desired pore network. The aeration of the matrix of geopolymers will reduce their capacity to accumulate moisture, water and humidity with reduction in the deterioration potential. The theory of percolation that the moisture absorption-desorption should be based is founded in the case of porous materials to two or multimodals pore systems to insure the better connectivity of the different classes of pores in the system. Suitable building materials for the moisture control in building environment are targeted using the geopolymerization process (Gezer 2003; Kamseu et al. 2012) . As it is possible to modulate the porosity and even the pore network during the forming process, traditional matrix of geopolymer that presents 30-35 vol% of pores can see the capillary fraction increases for a total porosity up to 70-80 vol% (Belitsky et al. 1993; Pontikes et al. 2013 ; Kourounis et al. 2007 ). Additionally, the bulk composition of the construction material determines the capacity of the material to reflect or absorb radiations. The material that reflects rather than absorb radiation and more readily release the absorbed quantity as thermal radiation will cause lower temperature within structure. Geopolymer matrices combine the ability to reflect radiation due to its bulk composition and dynamic moisture storage capacity. The hygroscopic behavior is linked to the pore network. The hygroscopic building materials have renewed the interest in the moisture buffering capacity and shown the potential for those materials to improve indoor humidity, thermal comfort and indoor air quality.
Related to the moisture buffer capacity, the thermal effusivity expresses the rate of heat transfer over the surface of the material when the surface temperature changes. The thermal effusivity is defined as the square root of the product of material density, specific heat capacity and thermal conductivity. According to Carsten et al. (2006) , ASTM symposium 2006, the moisture effusivity, bm describes in the same way of thermal effusivity, the ability of a material to absorb or release moisture. Equation (1) summarizes the bm's definition: More insight into moisture transport may also give rise to adjust technology and building design. Moisture effusivity can be directly established from moisture profiles as measured during various transport processes, i.e., drying (desorption) and absorption. It is that main objective of this work.
River sand, recycled glasses and slags were used as partial replacement of metakaolin and/or fine aggregates for the development of porous geopolymer composites. The optimized formulations received different fractions of porogent agent to have for each matrix 3-4 differ-ent grades of porosity. After complete curing, the specimens were exposed into building environment without air conditional or warming equipment, in the situation of interface between indoor and outdoor. The mass of the specimens was monitored daily with values collected in the morning and afternoon. The variation of the temperature and humidity was also monitored during the hold period of the experimentation. In this work, the ability of the porous geopolymer composites to be used as for the moisture control in building environment is analyzed based on the experimental approach. The porous composites were exposed for a complete cycle of a year in a public building, and data collection regarding the variation of moisture absorbed or released is used to evaluate the moisture control capacity of those composites.
Materials and Methods

Materials
The porous materials targeted in this study are eco-friendly composites with economic and environmental input. Geopolymerization was chosen as forming process, while essentially recycled wastes were opted to reduce the cost of the final products while proposing a suitable solution for the valorization of some classes of wastes. During the mix design of the composites, metakaolin was partially used but in minor quantity to insure the complex chemical equilibrium into the matrices. Recycled inorganic materials are presented as low life-cycle CO 2 emissions, environmentally friendly and sustainable solid precursors for alkali-activated cements, mortars and concretes. The metakaolin (MK) was obtained through the calcination of a standard kaolin used for glazes formulations in the ceramic industry in Modena (Italy). The temperature applied was 700 • C for 4h. The powder calcined was firstly ground finely down to 30 µm (D90). The bulk chemical composition of the MK determinate using the X-ray fluorescence (XRF) gave Si/Al ratio of 1.3, the loss of ignition at 1100 • C is 12.4 mass%.
The steel slag from electric arc furnace (EAF) steel-making process was collected from Acciaierie Bertoli Safau in Italy. The slag is obtained by the secondary metallurgical process (final steel alloy in ladle Furnace): reduction in slag . The chemical composition detailed in 
Mix Design and Preparation of Porous Geopolymer Composites
Preliminary investigations of the mixes metakaolin-glass and metakaolin-sand as well as metakaolin-slag were done to optimize the formulations (Kamseu et al. 2014 Bignozzi et al. 2013) . The mix adopted here are those that presented the optimum mechanical strength (Kamseu et al. 2014 Bignozzi et al. 2013) . Recycled glass and metakaolin as well as sand with metakaolin were mixed with the mass ratio 1.5:1. The two solid precursors are those which resulting pastes have to receive the porogent agent to make them frost-like. Co, C1, C2 and C3 are the concentration of aluminum powder used to develop the four grades of porosity: those concentrations correspond to 0, 1, 2 and 3 per 10,000 of aluminum powder. So, S1, S2 and S3 were obtained for the sand-based porous composites. Similarly Go, G1, G2 and G3 were developed for the recycled glass-based porous composites. For slag, the different formulations Slago, Slag1, Slag2 and Slag3 are presented in Table 1 . The porous geopolymer composites were obtained by adding the above-described solid precursors, an alkaline solution that plays the role of activator for the dissolution and polymerization/polycondensation. The alkaline solution was a mix of sodium hydroxide (8M) and sodium silicate (Si/Na 2 O = 3.00). The sodium hydroxide was prepared from a parent sodium hydroxide (50 wt%) from Ingessil, Verona, Italy; adding deionized water. The sodium silicate was still from Ingessil presenting a weight loss at 100 • C of 60 wt%. The mix of the two solutions was operated 5 min before the addition of the liquid to the solid precursors. The slag-based specimens (Slago, Slag1, Slag2 and Slag3) were prepared without any addition of porogent agent as previous work demonstrated the presence of metallic ions responsible for the development of microporosity . For recycled glass Go (specimen without porogent agent), G1, G2 and G3 were obtained, while for sand So (specimen without porogent agent), S1, S2 and S3 were obtained and are summarized in Table 2 . The pastes were ball-milled for 10 min into the porcelain jar using rapid ball mill, and the appropriate amount of porogent agent was added 5 min after ball mill. The resulted foams are poured into Teflon molds of 10 × 10 × 3 cm. They are kept out from the ambient air during the first 24 h being sealed in plastics. The curing continues at open ambient up to constant weight; the time to reach the constant weight varied from 21 to 24 days for sand-based and recycled glass-based geopolymers without porogent agent to < 14 days for porous specimens including slag-based formulations. The general observation was that the increase in the volume of porosity reduces the time to reach the constant weight.
Characterization and Determination of the Absorption-Desorption Behavior of the Porous Geopolymer Composites
Physicochemical Stability and Absorption-Desorption
After complete curing up to stable mass at ambient temperature (T = 21 + 1 • C; H = 54%), the specimens were submitted to 20 cycles of complete wetting into distillated water for 24 h and exposure to ambient laboratory conditions for 24 h. The specimens are then kept for 90 days to ascertain the physicochemical stability. The specimens ready for the test of absorption-desorption were transferred into the chamber in which artificial modification of the temperature or humidity was avoided. The fluctuation of the temperature and humidity in the chamber is directly linked to the conditions outdoor. During the course of the year, we registered a variation of temperature between 10 and 26 • C in the chamber where specimens were stored. The difference of temperature between the chamber and the open ambient T oscillated between 10 and 15 • C. Another series of the porous geopolymer composites were stored into oven at 100 • C for 48h after the cycles of wetting-drying and then removed by keeping at ambient temperature for 90 days. This is to evaluate the total moisture that each specimen is able to store at room temperature as well as the rate of reabsorption of the moisture. During the course of the test of absorption-desorption, the mass of all specimens are taking in the morning and afternoon. The temperatures of the chamber at each moment of the collection of the mass as well as the relative humidity are also monitored.
Porosity, Density and Microstructure
An Autopore IV 9500, 33000 psia (228 MPa) mercury intrusion porosimetry (MIP) covering the pore sizes range from approximately 360-0.005 µm having two low-pressure ports and one high-pressure chamber was used for the pores analysis. Pieces were prepared from the bulk of each sample with specimens. Specimens of porous geopolymer composites with approximate volume of ∼ 2 cm 3 were used for the analysis. The samples used for the analysis were obtained from fractured pieces selected to be the real representative of the overall formulation of each sample. Pore size distribution from mercury intrusion data was calculated by Washburn equation (2), assuming a contact angle of 141.3 • and a Hg surface tension of 480 dyn/cm.
where r is the radius of the pore or pore entrance just intruded by mercury, which has a surface tension γ and a contact angle θ with the material tested, under pressure p. The pressure, intruded mercury volume, sample mass and sample volume (pycnometrically determined by mercury) are the parameters needed to calculate the pore size distribution, the cumulative pore volume (total porosity) at maximum or defined pressure. Other properties, such as average pore radius or median pore radius, the bulk density, the apparent density, are also evaluated. By using this method to evaluate the porosity and pore size distribution of porous geopolymer composites, it should be noted that some factors such as moisture content, theoretical assumptions and inaccuracies in the data measurements (e.g., only pores with entries are measured; calculation with an estimated constant value for the contact angle is questionable) can affect the precision of measurements. In spite of the ongoing scientific discussions whether mercury intrusion porosimetry is an appropriate method to estimate pore size distribution of structural materials, proper sample preparation can allow the method to be used for qualitative determination of pore size distribution curves and modifications of the pore structure of a material. Material parameters (density, pore volume, pore size, etc.) which are derived from distribution curves can be used to evaluate the quality and/or durability of materials. It can also be used to empirically assess engineering properties (strength, toughness, etc.) and their correlation with pore size parameters and macroscopic characteristics (Rubner and Hoffmann 2006; O'Farrell et al. 2001 ). The real density was determined for all the samples using helium pycnometer and comparison with the values obtained through the mercury intrusion porosimetry.
The microstructure of the inorganic polymer composite specimens was studied using an environmental scanning electron microscope (ESEM, Model Quanta 200) at low vacuum. Both fresh fractured pieces from mechanical testing and polished specimens were used for microstructural investigations. Pieces with dimensions of 0.5 × 0.5 × 0.5 cm 3 were mounted on the surface of aluminum slabs and sealed with Cu-based binder. To ensure the conduction of electron and prevent charging during the ESEM analysis, specimens were coated with 10-nm-thick gold layer to allow a better resolution during the micrographs collection. The ESEM was equipped with an Oxford Instruments energy-dispersive spectrometer (EDS) for the microanalysis facilitating the investigation of phase distribution in the matrices.
Results
Porosity, Pore Size Distribution and Microstructure
The final porous composites obtained presented, apart from standard sample without aluminum powder, apparent density from 1.2 to 0.8 g/cm 3 . The thermal conductivity of those matrices was ranged under the values of 0.1−0.2 W/m K. However, this article is focused onto the moisture control capacity. The cumulative pore volume of the porous geopolymer composites is summarized in Fig. 1 . It is observed that the matrices in which no porogent agent was introduced have the cumulative pore volume under 0.20 mL/g (0.073, 0.156 and 0.171, respectively, for Slago, Slag1 and Slag2; 0.171 mL/g for Go and 0.183 mL/g for So). In fact, slag generally has small fraction of metallic elements (Pontikes et al. 2013; Kourounis et al. 2007 ) that is responsible for the self-forming microporosity during the alkaline activation . Focusing on the cumulative pore volume, it is observed that the addition of slag tends to reduce the value (Fig. 1a) . This in agreement with the results already achieved into the literature Bignozzi et al. 2013 ). The mix of metakaolin and slag as solid precursor for the geopolymerization has proved to give dense and low porous matrix with respect to individual metakaolin-or slag-based IPC (Lee and Deventer 2007; Alonso and Palomo 2001a, b) . It is postulated that a complex mechanism including the formation of H-N-A-S, C-S-H and C-A-S-H conducts more densification, anyway to a change of the nature of porosity that pass from nanometric to micrometric with a decrease in their cumulative volume. As it is observed in Fig. 2a , the addition of slag changes the nature of pores into matrix. In the specimen Slago, the concentration of pores with size between 0.01 and 0.1 µm is very high. The presence of more slag (Slag 1 and Slag2) constrained the bands of pores to shift to interval with size above 0.1 µm. In the specimens Slag2, the pores with size between 0.01 and 0.1 µm almost disappeared. During the course of this study, the sample Slag3 was eliminated for the microcracks when submitted to cycles of wet-drying. It is postulated that with a very high proportion of slag, the formation of geopolymer phases responsible for the class of porosity generally called gel pores (size between 0.001 and 0.1 µm) disappeared and the matrix is exposed justifying the poor durability of Slag3. The cumulative pore volume curves of Slago and Slag1 are typically that of matrix with interconnected pores. Metakaolin-based geopolymer presents unimodal pores band at the interval between 0.01 and 0.1 µm. The addition of slag progressively transforms the curve to multimodals type with significant reduction in gel pores alone with the increase in those with micrometric sizes (Figs. 1a, 2a) . The mix system of metakaolin and slag in the Figure 3 shows the microstructure of the formulations with slag. The micrographs collected at low magnification showed Slago and Slag1 with more air bubbles that can be explained with the content of metakaolin that is still significant. The morphology of those two samples is different from that of Slag2 and Slag3 where the content of slag is high. A detailed microstructural investigation has conducted to the identification of H-N-A-S phase in Slago with relatively low amount of H-C-A-S. In Slag1, H-N-A-S phases coexist with H-C-A-S, while in Slag2 and Slag3 H-C-S appeared and H-N-A-S became low. Those results that evidence the difference in chemistry of the products of slag-based inorganic polymer composites as from the difference in the initial solid precursors: Ca rich, Fe rich, Al-Si rich, etc. (Pontikes et al. 2013; Kourounis et al. 2007; . In this work, we focus on how these differences affect the pore network and by the way the moisture absorptiondesorption. The cumulative pore volume of the samples with recycled glass or sand gave similar value with that of Slago and Slag1 when no porogent is added (Fig. 1b, c) . Results closed to those of the literature with similar formulations and where appropriate Si/Al is established. Many studies (Kamseu et al. 2014 Bignozzi et al. 2013 ) have established the right correlation between the mix design, the degree of reactivity/polycondensation of the geopolymer cement composites and the pores network-microstructure.
We demonstrated in our recent works that larger pores of metakaolin-based geopolymers which are from air bubbles formed during the dissolution of metakaolin and generally difficult to eliminated can be hindered using Si-rich aggregates with relative reactivity . The resulted composite presented good densification, high strength with a pore network transformed and fracture surface observations with good interconnections and matrix strengthening. These results were considered while designing the matrices of this work. From  Fig. 1 , the matrix of the MK-sand-based geopolymer composite shows similar cumulative pore volume with that of MK-recycled glass. However, the cumulative curve of MK-recycled glass-based geopolymer composite shifted to interconnect, while that of MK-sand appeared with more important fraction of isolated pores (Fig. 1) . The addition of porogent agent conducted to matrices with almost two times the volume of the composite without porogent. The general observation is that the addition of porogent agent in both cases transformed totally the matrices to a typical frost-like or sponge-like structure. Major porosity is concentrated in the interval 0.01 and 0.1 µm for the sand-based composite with almost 4-5 modes. With the increase in the concentration of the porogent agent (S1), just a small shift to high value of pore size is obtained. Further increase conducted to a progressive disappearance of the gel pores and establishment of micrometric pores with bands centered at 10 µm (Fig. 2b) .
The variation of the cumulative pore volume of the specimens with recycled glass is similar to that of those with sand: the increase in the concentration of porogent agent increases the cumulative pore volume up to two times the initial volume of the sample without porogent agent. The interconnectivity of the matrix increases with the change of the cumulative pore volume. The cumulative pore volume of Go is 0.175 mL/g and that of G3 is 0.33 mL/g. As a general rule, the transformation of the matrices with the addition of porogent agent considerably reduced the fraction of gel pores. In fact if we pay attention on the expansion of the matrix with volume increase twice that of Go, an evidence is that the capillary pores with size between 1 and 10 µm reduce the volume of the bulk matrix where gel pores are concentrated. Go has pores concentrated between 0.01 and 0.1 µm as observed with So. The principal band in G1 is concentrated between 0.1 and 1 µm, while G2 and G3 have principal bands centered at 10 µm (Fig. 2c) .
From Fig. 3b , c, it can be observed the micrographs of the porous specimens of G and S. Go and So show compact structure with only isolated larger pores. The microstructure is typical of geopolymer reinforced with fine Si-rich aggregates . The action of porogent agent, the expression for the same concentration, is more pronounced in recycled glass-based porous geopolymers compared to sand-based samples. This can be explained with their densities. In fact, the action of porogent agent is strongly linked to the viscosity of the pastes. In the presence of porogent and as their concentration increases, the interpore spaces make the matrix more compact due to the pressure applied into the pastes during the pores formation. Figure 4 illustrates the detailed microstructure showing the interconnection of pores and their homogeneous distribution into the three different porous systems.
Absorption-Desorption Capacity of Porous Geopolymer Composites
Moisture Accumulation and Reabsorption Capacity
The different specimens stored in a unit in which laboratory conditions were kept constant shown results are summarized in Fig. 5 (T = 21 + 1 • C; RH = 54%). The residual humidity of the curing or humidity stored varies from 4.49 mass% for So to 3.23% for S3 after 24h at 100 • C: so the amount of humidity stored decreases with the increase in porosity. Just after 1 h of exposition at room temperature, all the specimens recollected around 0.11 (So), 0.12 (S1), 0.14(S2) and 0.15% (S3) unit fraction of the mass loosed. With time, the rate of the reabsorption of the humidity decreased, and as from 10h of exposition, the reabsorption differs according to the porosity (pore network system). The specimen S3 with the highest volume of porosity reabsorbed half of the moisture loosed after 100 h of exposition. This amount decreases to 0.46 for S2, 0.32 for S1 and 0.30 for So. Prorogated exposition at similar conditions conducted to the reduction in the rate of reabsorption and at 1000 h there still to reabsorb a unit fraction of 0.45 for So, 0.42 for S1, 0.43 for S2 and 0.46 for S3, this to return at the initial situation before the drying at 100 • C. Specimens with slag loosed 5.39, 4.78, 4.29, and 4.08 mass% of moisture/humidity. After 1 h of exposition, the volume of humidity reabsorbed is function of the amount of slag: 0.10 for Slag3, 0.21 for Slag2 and 0.16 for Slago and Slag1. However in samples Slag2 and Slag3, the amount of slag non-integrated into the geopolymer system modified the physicochemical stability of the matrices and the porosity with the capacity of absorption-desorption. The rate of reabsorption of the humidity increased with time linearly as from t = 100 h (Fig. 5) . At 1000 h, Slag1 still had 0.40 humidity to reabsorb before returning to the initial equilibrium. The value of humidity to be reabsorbed increased to the unit fraction 0.45 for Slag1 and 0.53 for Slag2, while it is 0.47 for Slag3. The specimens of the series with recycled glass showed 4.3 mass% for Go and G1, 4.11 and 3.99 mass% of humidity loosed at 100 • C for G2 and G3. As for the case of sand series, the amount of humidity loosed decreased with the open porosity (Fig. 5) . After 1 h of exposition Go presented 0.12 of humidity is reabsorbed. G1 presented 0.14, while G2 and G3 showed 0.15. The rate of reabsorption as from that point increases again rapidly up to 10 h of time to reach: 0.31 for Go, 0.40 for G1, 0.40 for G2 and 0.41 for G3. Above 10 h of exposition, the rate of reabsorption becomes low (Fig. 5) . At 1000 h of exposition, only 0.55 fraction of the humidity reached for Go. The reabsorption reached 0.69 for G1, 0.71 for G2. The reabsorption decreases to 0.65 for G3. The analysis of the data of reabsorption of specimens exposed to room temperature after storing at 100 • C for 24 h shows: (i) the impact of the cumulative pore volume on the amount of humidity loosed during drying at 100 • C and the capacity of reabsorption; (ii) the pore network system (connectivity, size and distribution) on the absorption-desorption behavior; and (iii) the level of reactivity and polycondensation on the overall behavior. It is observed that none of the three series reached the equilibrium (zero), i.e., total reabsorption of the moisture after exposure up to 1000 h: 0.45 unit fraction of humidity for sand series, 0.50 for that of slag and 0.30 for the recycled glass are still to be recovered. The difference between those results is linked to the three parameters enumerated above and seen to be the factors controlling the moisture absorption-desorption of the geopolymer systems.
When the standard metakaolin-based geopolymers are exposed into the ambient humidity after treatment at 100 • C for 24 h, around 8 vol% of the loss of moisture is observed (Kamseu et al. 2012) . The design of geopolymer composite particularly with larger capillary pores reduces the volume of fine pores responsible for the moisture accumulation (Kotama et al. 2002; Myers et al. 2015; Malolepszy 1993; Mozgawa and Deja 2009) . Those pores responsible of the moisture accumulation have size in the interval < 0.1 µm. In standard metakaolin or fly ash-based geopolymers, monomodal pores curves are generally observed at interval of pore size between 0.01 and 0.1 µm. They are isolated making the rate of the absorption or desorption relatively low with respect to larger capillary pores of porous geopolymer composites generally interconnected. G series with remaining 0.30 unit fraction of moisture to be filled after 1000 h of exposure to ambient temperature are characterized with the greater interconnectivity. The addition of the porogent agent reduced considerably the fine pores fraction with the increase in larger capillary pores; sizes moved between 0.1 and 1 µm for G1, 0.1 and 10 µm for G2 and > 10 µm for G3. The interconnection of large capillary pores with consequent reduction of the fraction of fine pores explains the low value of 0.30 unit fraction of humidity still to be reabsorbed before the equilibrium compared to 0.45 for So and 0.50 for slag. When the specimens are exposed to the ambient humidity, they rapidly absorb the moisture with larger and open pores. The BET specific surface of geopolymers also enhances the absorption of the humidity at the surface. The fine pores are filled with a very slow rate at ambient conditions.
Absorption-Desorption with Climate Change
The samples of sand-based geopolymer composites showed the capacity to stay with 3.29-4.49 wt% of moisture according to the grade of porosity. Slag-based geopolymer composites present 4.08-5.39 wt%, while recycled glass presents 3.9-4.3 wt%. These values correspond to the environmental conditions in which the temperature is 16 ± 1 • C and the humidity is maximum of 75% (Figs. 6, 7) . During the course of the year in which this experiment was performed, we registered a variation of temperature between 10 and 26 • C in the chamber where specimens were stored. The difference of temperature between the chamber and the open ambient, T , oscillated between ± 10 and ± 15 • C. When the temperature decreases under 16 • C (from 10 to 15 • C), we observed a mass gain for all the samples under study. The value of mass gain is almost the same ∼ 0.1 to 0.25 unit fraction according to the volume of porosity of the initial composite. With the porosity increasing, the ability to accumulate moisture in this range of temperature decreases (Figs. 6, 7) . It is observed that the gain of mass is linked to the moisture absorption with the change of the relative humidity that reaches 80-85%. The gain of mass can be interpreted as the fill of the smallest pores of the system: the nanometric ones which volume is linked to the volume of geopolymer composite compared to the volume of capillary pores. For a porous system, as the ratio volume of solid/volume of capillary voids is high, the volume of nanometric pores is high and the ability to absorb moisture is high. The absorption can be described as an accumulation of the moisture within the pore network; moisture reach a specific pore according to the temperature, relative humidity and the atmospheric pressure. At the temperature above 16 ± 1 • C, all specimens of geopolymer composites initiated to loss mass as a result of the moisture release. The figures show that the mass of moisture released is 0.9 mass% for the most porous sand-based samples (S2 and S3) and 0.5 mass% for So and S1 at 22−24 • C. Between 16 and 24 • C, the rate of mass loss is accelerated. The ability to loss mass due to the increase in temperature is almost similar for sand, slag and recycled glass-based porous geopolymer composites. The difference regarding the mass loss between 17 and 24 • C is correlated with the intrinsic properties that modify the BET specific surface area and the level of connectivity of pores which itself is correlated with the viscosity of the pastes at the moment of the samples forming (Zhang et al. 2014; . The mass loss between 17 and 24 • C is 0.6-0.9% for the sand-based specimens. It decreases to ∼ 0.6 mass% for recycled glass and varies from ∼ 0.6 to 1.2 mass% for the slag-based geopolymer composites (Figs. 6, 7) .
Discussion
Efficiency of the Porous Geopolymer Composites for the Moisture Control Capacity
Geopolymer materials with its pore network essentially concentrated at the interval between 0.001 and 0.1 µm appear as the most low-cost, environmentally friendly and sustainable materials for the moisture control capacity in building environment. Wood is generally identified to offer the greenest advantage; however, the exploitation of this natural material causes serious damage to the environment. It has been postulated that fine pores are the pores of moisture accumulation/absorption and capillary pores are those of desorption (Kotama et al. 2002) . It should be precised that if nanometric pores are those governing the overall moisture control capacity of geopolymer composites, the others classes of pores (capillary pores with From the results of this study, it appears that the pore network is a limiting factor for the absorption-desorption and a specific class of pores act in relation to the environmental conditions: In ambient conditions, the most active pores are capillary pores with micrometric sizes, while gel pores (sizes between 0.001 and 0.1 µm) enter in action in the extremes environmental conditions. In fact when the humidity is above 70% (corresponding to relatively low temperature under 14−15 • C), gel pores absorb with a high rate up to the saturation and desorbed when the temperature is more than 18 • C and humidity under 55%. While designing porous geopolymer composites, one can include the pores connectivity to control the rate of desorption and even absorption with the objectives of the long-term durability of the porous composites.
Thermal Comfort with the Porous Geopolymer Composites
Thermal insulation is a major contributor and obvious practical and logical first step toward achieving energy efficiency especially in envelope-load dominated buildings located in sites with harsh climate conditions. Where variations of weather include important moisture (humidity and rain), high variation of the temperature and atmospheric pressure, the materials chosen for the thermal insulation should have stable structuration (including the matrix and the pore network) throughout the cycles of variation of moisture, temperature, etc. The most practical approach to controlling the moisture in building environment is the careful design and material selection. Liquid water flow from rain and plumbing leaks is controlled with the porous geopolymer composites by the appropriate mix design as controlling Si/Al, Al/M (M = Na or K) and level of reactivity/polycondensation. The results are stable, durable and poorly impermeable geopolymer matrices in which the presence of water molecules does not affect the structural bonds but help for the regulation of the thermal comfort.
Interstitial condensation due to the water vapor convection is controlled by the design of the porous network: isolated micrometric pores homogeneously dispersed into the matrix with limited percolation which is possible only through the gel pores. The aeration of the matrices with micrometric capillary pores reduces the extend of moisture accumulation. In fact, more moisture sources and transport mechanisms may act simultaneously. It is more indicated as best approach to prevent the moisture transport mechanisms but rather to control the moistures sources, moisture transport and accumulation mechanisms with the best management of the absorption and desorption without long-term moisture accumulation especially when the temperature and humidity change. What we are making efforts to demonstrate in this work. If it is difficult to avoid moisture accumulation and moisture transport, it is possible to encourage the moisture removal in buildings.
Conclusion
Porous geopolymer composites based on recycled municipal and industrial wastes were designed and produced with four different grades of porosity. The previous study on the porous matrices confirmed their ability to act as building insulating materials with effective thermal conductivity < 0.2 W/m K. In this study, we evaluated their moisture control capacity in the typical temperate climate with high variation of temperature and humidity in the course of the year. The following conclusions were drawn:
• The physicomechanical and chemical stability of the porous matrices were confirmed with the complete cycle of the study apart from the formulations with high fraction of slag (> 60 wt%) that present microcracks after the cycles of study.
• The porous geopolymer composites effectively demonstrated the ability to absorb and release moisture in the course of the variation of the temperature and humidity.
• In the range of the temperature of 18−24 • C, the pores more active were found to be larger capillary pores with size ≥ 10 µm.
• In the extreme conditions of temperature and humidity, the gel pores absorb (T < 14 • C) or desorb (T > 23 • C) with effective activity; the presence of capillary pores with size between 10 and 60 µm homogeneously dispersed into the matrices appeared significant for the interconnectivity between gel pores, the capillary pores and the ambient environment improving the efficiency for the desorption.
• The combined presence of gel pores (major part of the pore network) and microcapillary pores allowed to predict a very good management of the connectivity of gel pores to the microcapillary pores in an effective percolative system. Percolation is significant for the durability of the porous composites through easy absorption and desorption as function of the environmental conditions. • The final system of the porous geopolymer composites and their absorption-desorption behavior presented those matrices as potential materials for the moisture regulation in residential building environment.
